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Introduction 36
A number of large open cut coal mining operations in Queensland of Australia are expected to commence in the near 37 future. High volume of coal requires temporarily stored as one or multiple stockpiles in a storage yard of a coal mine site 38 or a port before they can be transported to other destinations. Coal, as a carbonaceous material, is able to be oxidised and 39 to liberate heat at ambient temperature with the presence of oxygen rich air [1] [2] [3] [4] . Self-heating of coal stockpile will 40 occur if the heat generated by coal oxidation is not adequately dissipated. The accumulated heat will result in a slow 41 rising of temperature at the initial stage of coal oxidation. Once the temperature reaches a critical value which was widely 42 reported to be 60~120 o C, thermal runaway would occur and the self-heating rate of coal is very likely to take off in a 43 relatively short period of time [5] [6] [7] [8] [9] [10] [11] . Therefore low-temperature coal oxidation is a very critical stage with concern of 44 preventing coal spontaneous combustion. Self-heating of coal in stockpiles has long been regarded as a safety concern 45 and additionally, pre-oxidation of coal would incur considerable loss of coal calorific value and seriously affect caking
46
property [12] [13] [14] . More recently the liberation of large amounts of greenhouse-relevant gases and hazardous substances, such as arsenic, mercury, and lead from coal stockpile combustion or oxidation has raised considerable concerns from 48 global communities [15] [16] [17] [18] . Despite the long history of the problem, it has also been accepted that the physical and 49 chemical processes responsible for this problem is extremely complex [12] . Derivation of an analytical solution to the 50 problem would be a formidable or even impossible task and consequently, the problem is often addressed numerically.
51
Prior to the availability of high performance fluid-thermodynamics computation code, several preliminary mathematical 52 models have been developed to investigate the issue numerically [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . These studies provided valuable insights into 53 this problem but the accuracy and applicability is questioned because these models were derived with many 54 simplifications and limitations.
56
To date with the advance of Computational Fluid Dynamics (CFD) modelling techniques, predictable interpretation of 57 self-heating of piled carbonaceous material within reasonable engineering accuracy becomes more approachable [9, 14, 58 34-41] . Among these works, Moghtaderi et al. [34] studied the effects of wind on self-heating behaviour of coal stockpile 59 and found forced convection plays a critical role in dynamics of flow field inside the stockpile and thereby affects the 60 self-heating process. Yuan and Smith studied effects of coal properties on self-heating problem in underground coal mine 61 goaf areas by a CFD model and later on developed a 3D equilibrium thermal model to simulate spontaneous heating in a 62 large-scale coal chamber with a forced ventilation system [35, 36] . Ejlali et al. [37] improved preceding models by 63 employing a non-equilibrium thermal approach and found the maximum temperature is a function of porosity of porous 64 pile, moisture content and Darcy number. Taraba and Michalec [38] numerically investigated the effects of longwall advance rate on spontaneous heating in goaf areas by a CFD model. Kim and Sohn [40] numerically validated a novel method to suppress spontaneous ignition of coal stockpiles in a coal storage yard. Zhu et al. [9] proposed a theoretical proposed a two-dimensional model to investigate the effects of coating the bottom of coal stockpile with fine particles to 70 control self-heating hazard. Xia et al. [41] also used the CFD code to simulate the self-heating process of residual coal in 71 longwall goaf. In addition considerable parametric studies have been conducted by these models and a number of 72 practical suggestions were delivered to coal industry. Numerical solutions to self-heating of coal stockpile usually only 73 deal with a single coal stockpile scenario but practically, multiple stockpiles are probably required to be stacked in 74 storage yard of a coal mine or a port to increase storage capacity. Coal stockpiles stacked in these places may be subject 75 to long period of exposure of wind flow which has been demonstrated to have significant influences on self-heating 76 behaviour of stockpiled coal [9, 34, 39] . Therefore self-heating behavior of multiple stockpiles which are packed in 77 proximity requires to be studied especially at low temperature range with prevailing wind conditions. The purpose of this 78 work is to investigate the low-temperature self-heating characteristics of multiple coal stockpiles under wind flow 79 condition and with validation, to perform variable analysis to gain more understandings of the problem in multi-stockpile 80 scenario.
81

Brief mechanism of spontaneous heating of coal stockpile 82
A coal stockpile is essentially a porous medium consisting of heterogeneous coal particles and the voids between coal 83 pellets are filled with mixture of fresh air and gaseous products liberated by coal oxidation. Interaction of coal with 84 oxygen including coal oxidation and oxygen adsorption at low temperature is exothermic as a whole although it could be 85 endothermic at some steps [1, 42] . Several studies demonstrated that the interaction of coal with water like wetting can 86 also generate heat and it reaches to a general consensus that moisture exhibits either promoting or inhibiting effects on 87 coal oxidation rate but fundamental mechanism especially to a kinetic sense is scarce [1, [43] [44] [45] [46] . As chemical effects of 88 moisture were not understood completely, a few numerical models were developed to investigate only physical effect of 89 moisture on self-heating of coal stockpile and it was indicated interaction of coal with moisture is an efficient heat 90 transfer mechanism in which the vaporisation and diffusion of water from a hot region, followed by condensation in a 91 cooler region, is accompanied by a considerably higher effective rate of heat transfer than that which can occur by 92 conduction alone [21, 26, 37, 47] . The efficient heat transfer mechanism was also termed as "heat pipe" effect in some 93 literatures and the "heat pipe" effect usually manifested itself by leading to a levelling of temperature (80~90 o C) in a coal 94 stockpile [21, 26] . It was also reported the heat generated by coal oxidation would dominate with progressive drying of coal and hence it is safe to argue that the major heat generation mechanism responsible for self-heating is coal oxidation [12] . Therefore it is plausible to ignore effects of moisture within temperature ranges below the levelling temperature 97 exerted by "heat pipe" effect. The generated heat is transported into and out of the stockpile by conduction, convection,
98
and radiation. If the rate of heat generation is greater than the rate at which heat can be dissipated in the external 99 environment, it will lead to localised temperature rise and even smouldering/open flame for a long run. Heat conduction 100 occurs between gas-to-gas, gas-to-coal, and coal-to-coal. The low thermal conductivity of coal is the main reason why 101 thermal energy can be well contained in the deep stockpile and cause temperature rising. Heat convection occurs between 102 coal to gas and the efficiency of heat convection is mainly determined by velocity of gas advection within inter-particle 103 channels. Whilst heat radiation could be a major contributor in the surface of stockpile because of solar energy it 104 absorbed but in deep stockpile heat radiation can be negligible [48] .
106
The air stream inside of stockpile can be constantly replaced through wind advection and diffusion caused by oxygen 107 consumption of coal because oxygen consumption reduced the concentration resulting in diffusion if reaction rate is not 108 the same everywhere. Convective movement can be caused by both natural convection and forced convection due to are also concomitant during the two sequences and details of them are omitted here. To define coal-oxygen reaction rate with elevated temperature to a mathematical sense, a simple finite rate Arrhenius reaction mechanism is often used [9, 35,
129
It is assumed that oxygen can penetrate throughout the coal without diffusional limitation and the reaction mechanism 130 between gas and solid phases is deemed as a homogenous gas phase reaction [11] . 
152
however very slow and therefore the heat generated by coal oxidation is modeled as a source term and written as a User particle and gas stream is important in the thermal behaviour and it is thus necessary to represent the energy stored in each individual phase as well as the exchange of thermal energy between them, which gives energy conservation for 157 solid coal pellet:
In which the successive terms represent internal energy growth of coal particle, heat diffusion in solid coal, heat 160 convection interacted with gas stream, and heat generated by coal oxidation which is a source term. In view of 161 temperature variation is not significant in low-temperature self-heating of coal stockpile and to produce a faster 162 convergence, many models assumed the validity of the Boussinesq approximation [9, 21, [25] [26] [27] 30] . This approximation 163 essentially states that the temperature variation of the fluid properties can be ignored except for the density, and that the 164 density dependence is only considered when it gives rise to buoyancy convection in natural convection driven flows [12] .
165
However Boussinesq approximation is not suggested to be used with species calculation and reacting flow involved
166
otherwise accuracy of result is very likely to become inacceptable [50] . Therefore ideal compressible gas flow is 167 considered and energy balance for the gas stream is written as:
169
In which the successive terms represent transient energy rise of gas stream, heat convection of gas stream, heat diffusion 170 in gas stream, and heat convection interacted with solid coal.
171
Species conservation
172
Nitrogen is neither consumed nor produced during whole process of self-heating so species conservation is mainly 173 focused on oxygen, carbon dioxide, and carbon monoxide in gas stream according to the assumed reaction scheme,
174
which give rise to the species conservation:
For carbon monoxide:
176
In which the successive terms represent the local accumulation of species, the convective transport of species, the diffusion term of species caused by variation of species concentration and temperature, and the fraction consumed or Navier-Stokes equation is normally used to describe momentum balance for compressible flow as density of fluid varies
184
The permeability k of coal matrix is approximated by the Carmen-Kozeny equation for laminar flow in packed beds [51]:
186
Continuity in porous medium
187
Mass change of bulk coal due to coal oxidation at low temperature is ignored. This model also assumes isotropic porous 188 medium and therefore for single phase flow in isotropic porous medium, the continuity equation can be written as:
Numerical modelling and validation 191
Numerical model
192
The geometry of the stockpile is considered to be a truncated pyramid. Three identical stockpiles, namely A, B, C, are near surface of stockpile, 40 thin layers (each layer is 0.1m thick) are inflated because this area is expected to be the region to meet high standard mesh requirement, otherwise connectivity between fluid zone and fake solid zone will result in immediate error once non-equilibrium thermal model is activated.
approaches to zero at ground surface. Wind velocity of any height can be determined via wind velocity at a reference 213 height. In this study reference height is 10m and wind velocity refers to the wind velocity at reference height. Wind 214 velocity profile of the farfield of the base model is shown in Fig. 3 , from which it can be observed that wind velocity at 215 inlet varies with the proposed power law.
217
Wind stream is considered to be fully turbulent in farfield and thus is solved by Fluent RNG k-ɛ model. To suppress 218 turbulent viscosity in porous stockpile, laminar zone option is enabled. Many works [9, 22, 23, 25-27, 30, 36, 37, 40] 219 have also suggested natural convection is also a possible mechanism of oxygen transport so full buoyancy effect is also between two stockpiles. It is suspected stockpile A will have the largest quantity of interior airflow than that of the other 262 two stockpiles due to the direct confrontation to wind of stockpile A and a wake region will be induced at the leeward of 263 each stockpile. Fig. 6 illustrates the wind stream vector in both farfield and stockpiles. Three wake regions, namely wake 264 region 1, 2, and 3, at the leeward of each stockpile are identified and it appears they are becoming increasingly confined. normally signifies more availability of airflow inside stockpile and it can thus be postulated the order of maximum temperature rising rate will follows the same order. To examine airflow travel path inside coal stockpile more 269 fundamentally, interior pressure distribution must be well studied because airflow inside stockpile is greatly driven by 270 pressure gradients. Fig. 8 illustrates gauge pressure distribution and velocity vectors inside of the stockpiles and main air 271 flow travel paths (dash black line) are also sketched based on the pressure gradients. In stockpile A (Fig. 8 (a) ), a very 272 low pressure zone is induced at upper-left corner of the stockpile and the largest pressure exerts at the bottom of 273 windward side. Therefore most of the air would travel along path 1 and a hot spot is more readily to evolve along this 274 path due to the significant pressure gradient. Air can also migrate to stockpile along path 2a and 2b due to back flow 275 induced by wake region 1. The low pressure zone is also able to suck air from top surface of the stockpile, which created 276 airflow travel path 3. Hot spot hardly evolves along path 2a due to long travel distance but coal locates at path 3 and 2b
277
can be seriously oxidised because of short travel distance. Interestingly a converged airflow is created where airflow 278 along path 1 encounters airflow along path 2a and the phenomena was termed as "chimney" effect which was reported to 279 be ascribed to natural convection [23] but in this case it appears the phenomena is mainly generated by forced convection.
280
In stockpile B (Fig. 8 (b) ), two slightly low pressure zones (zone A and zone B) are induced at both upper corners of the 281 stockpile. The easiest flow path is path 1a due to more appreciable pressure gradient and shorter travelling distance and 282 therefore hot zone is expected to develop along this path. Likewise weak airflow can transport along path 2a while 283 moderate airflow can permeate along path 3 and 2b and coal located at these zones is likely to be deteriorated. The
284
"chimney" effect airflow is likely to locate at centre of the stockpile due to more balanced pressure gradients present at 285 both sides. In stockpile C (Fig. 8 (c) ), the airflow behaviour resembles that of stockpile B except that the "chimney" 286 airflow moves towards to leeward side because more appreciable pressure gradients exerted at windward side. It is 287 postulated that location of hot spot and deteriorated coal of stockpile C is similar to that of stockpile B. 
296
The maximum temperature rising rates of the three stockpiles are also plotted, refer Fig. 11 in which the overall trend of temperature rising rate, as predicted, is A>C>B but the rising rate of stockpile C overlaps with that of stockpile B after 40 days as a possible result of oxygen depletion. To further examine the transport pattern of gaseous product liberated from 299 coal oxidation inside the stockpiles, the contours of CO2 are also captured, refer Fig. 12 . It is noticeable high 300 concentration of this carbonic gas is retained in the interior of the stockpiles. A possible explanation is the production 301 rate of the gaseous product outweighs its dissipation rate due to weak airflow inside of stockpiles. Additionally it can be 302 found the highest accumulation of CO2 develops at leeward side for stockpile A due to the insufficient dilution of weak 303 backflow, while at windward side and beneath top for stockpile B and C, which implies the air leakage along path 1b and 304 3 (Fig. 8-b, c) is not sufficiently strong to disperse the high concentration of CO2 and the "chimney" effect would induce 305 a high concentration of CO2 zone beneath the top of stockpiles. Considering the emission of greenhouse effect gases 306 contributed from low-temperature oxidation and spontaneous combustion of coal stockpile has been recently regarded as also investigated, refer Fig. 13 . It is not hard to observe that more CO2 is generated as self-heating of coal stockpile 
320
reaches 363K in one month; whilst for medium wind velocity 4m/s, the incubation period prior to the critical temperature 321 for stockpile A is 48 days. As previously discussed stockpile A stands like a wind barrier to stockpiles behind it, it is not 322 surprised to notice maximum temperature rise rate of stockpile B and C is slower than that of stockpile A even at various 323 wind velocities. In practical, wind barrier has been proposed as a possible control to coal stockpile spontaneous 324 combustion hazard [53] . The coal oxidation at low wind velocity might give off less amount of carbonic gas but it would
Spacing
As stockpile A is essentially a wind barrier to stockpile B and C, if stockpiles stacked behind stockpile A are located within wake region of stockpile A, it is postulated the maximum temperature rising rate will always lag behind stockpile 
Porosity or compaction
352
Three porosity (i.e. 0.1, 0.2, 0.3) are selected to represent three compaction extents of coal stockpile, namely densely 353 packed, slightly packed, and loosely packed. Fig. 21 illustrates the maximum temperature rising profiles of the three 354 stockpiles with the three compaction degrees. It is found the temperature rate significantly drops if stockpiles are densely 355 packed due to high resistance to oxygen ingress. It spends 85 days to reach the critical temperature for stockpile A and it than that of loosely packed stockpile at the initial stage of coal oxidation. However after roughly one month the highest temperature of slightly packed stockpile surpasses that of loosely packed stockpile. A possible explanation is available 360 oxygen of loose stockpile is more abundant than a slightly packed stockpile initially but with consumption and depletion 361 of oxygen, it appears convective heat dissipation becomes dominant. This can be possibly demonstrated by Fig. 22 in   362 which hot spot is moving deeper in more porous stockpile because of more heat being dissipated by convection while in 363 deep stockpile oxygen concentration becomes too low to sustain a high rate of oxidation reaction. The abnormal effect of 364 high porosity has been reported previously but at a slightly higher temperature [27] . In addition it can be seen the volume 365 of oxidised coal substantially increases with more loosely packed stockpile. Therefore porosity less than 0.2 is 366 recommended if coal is expected to be stored for a long run and porosity less than 0.3 is recommended if caking property 367 and calorific value of coal needs to be retained. Densely packed stockpile has additional benefit due to its low emission 
Height
371
In Australia Hunter Valley power station pile height lower than 4.5m is suggested for long run storage. To maintain the 372 discreetness of the study, higher stockpiles (5m, 7.5m, 10m) will be studied because it has been indicated higher 373 stockpile is less safe in terms of coal spontaneous combustion [9, 13, 27] . As can be seen from 
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therefore it needs to be further evaluated upon employing a gentle slope to alleviate the self-heating problem.
401
Conclusion 402
The phenomenon of self-heating of coal stockpile is a result of complex physical and chemical processes. 
435
This study has practical significance especially where multiple coal stockpiles are required to be stacked. This study is 436 also potential to provide suggestions to optimise hazardous carbonaceous material management in process industry. 
